We have measured the rate of reaction of N20 5 with H20 on monodisperse, submicrometer H2SO 4 particles in a low-temperature flow reactor. Measurements were carried out at temperatures between 225 K and 293 K on aerosol particles with sizes and compositions comparable to those found in the stratosphere. At 273 K, the reaction probability was found to be 0.103 + 0.006, independent of H2SO 4 composition from 64 to 81 wt %. At 230 K, the reaction probability increased from 0.077 for compositions near 60% H2SO 4 to 0.146 for compositions near 70% H2SO 4. Intermediate conditions gave intermediate results except for low reaction probabilities of about 0.045 at 260 K on aerosols with about 78% H2SO 4. The reaction probability did not depend on particle size. These results imply that the reaction occurs essentially at the surface of the particle. A simple model for this type of reaction that reproduces the general trends observed is presented. The presence of formaldehyde did not affect the reaction rate. 
INTRODUCTION
It is now well established that a substantial depletion of stratospheric ozone occurs during the Antarctic spring [Solomon, 1988] solubilities and particle compositions to vary with particle size. Although in theory we expect this effect to be small, it is desirable to verify this experimentally. Second, the relative importance of mass transport and chemical reaction contributions to the overall rate will depend on particle size [Schwartz and Freiberg, 1981; Schwartz, 1986] . As shown in the data analysis section, there should be a particle size below which ¾ decreases with decreasing size. Measurements using small particles provide results that are complementary to those obtained using bulk surfaces and provide greater confidence in extrapolating laboratory results to the stratosphere. As shown in Table 1 , most laboratory results for (1) fall in the range 0.06 to 0.14. Stratospheric models, however, require ¾ to be better defined. For background aerosol conditions, a factor of 2.5 change in ¾ produces a change up to a factor of 2 in the calculated NOx/NOy ratio at midlatitudes (S. R. Kawa, personal communication, 1992).
In this paper we present laboratory measurements of ¾ for (1) for liquid-phase H2SO 4 compositions from 54 to 82 wt % (hereafter, all aerosol compositions are given in weight percent) and temperatures of 225 to 293 K. These measurements were made on monodisperse aerosol particles; the particle diameter was varied from 0.060 to 0.250 gm. The measurement technique is similar to that used by Mozurkewich and Calvert [1988] ; however, a number of refinements have been made to improve the accuracy and to extend the range of conditions that may be investigated. With this humidification technique, we were able to obtain H20 mixing ratios of 8 to 1700 ppmv in the flow reactor. The relative humidities used in the experiments ranged from 0.2 to 22% at 273 K (H20 concentrations of 26 to 1700 ppmv) and 2 to 20% at 230 K (H20 concentrations of 8 to 46 ppmv). The resulting particle compositions are 55 to 81% H2SO 4 at 273 K and 53 to 71% at 230 K.
The third clean-air stream (up to 100 sccm) was bubbled through fuming sulfuric acid (18-24% SO 3 by weight) in order to provide SO 3 to the aerosol source. The outlet of the bubbler was fitted with a glass frit to trap any particles produced by bubble bursting. Mixing the SO 3 flow with a portion of the humidified main airflow resulted in the nucleation of a large number of particles. These were allowed to grow by coagulation during passage through a 94-cm length of 1.7-cm-ID stainless steel tubing. The mean diameter of the resulting particles could be varied by changing both the amount of SO 3 (and therefore the total particle mass) and the total flow through the source to vary the time allowed for coagulation. , 1975] . A small fraction of the sheath flow (typically 1500 sccm) was withdrawn at the exit of the DMA; all particles in this flow have very nearly the same electrical mobility. Particles of a desired mobility are selected by adjusting the voltage applied in the DMA. The electrical mobility is a function of both particle size and charge; for particles of a given charge, the size distribution exiting the DMA is sharply peaked, with a half width of about 5% of the mean. The absolute size of particles produced by this method is accurate to within a few percent. By setting the DMA voltage to zero, particle-free air could be supplied to the flow reactor without changing the composition of the air or disturbing any of the flows, a procedure which was necessary in determining the rate of reaction on the flow reactor walls. For some experiments the aerosol charge at the DMA output was neutralized using a 85Kr
source. However, charged aerosol particles without this neutralization gave identical results. The particle size selected by the DMA was used together with measurements of number density to compute a surface area. Most of the particles were singly charged; however, a small fraction were doubly charged. These were larger than the singly charged particles and therefore had greater surface areas. To determine the number of doubly charged particles, the DMA voltage was adjusted so as to pass the singly charged particles of this larger size. The number density of the doubly charged particles was calculated by assuming that they were in Boltzmann equilibrium with the singly charged particles. The extra surface area due to these larger particles was calculated and included in the calculated aerosol surface area. These corrections were typically 10 to 20%. The monodisperse aerosol flow from the DMA (1000 to 3000 sccm) constituted the main part of the flow admitted to the flow reactor. Although the DMA was operated at ambient pressure and temperature, the flow reactor was often operated at reduced pressure to lower the partial pressures of H20 and N20 5.
The pressure of the monodisperse aerosol flow was reduced to that of the flow reactor by means of a pair of stainless steel straight-through valves. Normal flow-regulating valves removed 90% of 0.105-gm-diameter particles in reducing the pressure from 800 to 530 mbar. With the straight-through valves, losses were minor at a flow reactor pressure of 470 mbar and amounted to 34% at 330 mbar. We found that the Delrin seats in these valves produced formaldehyde, apparently by reacting with H2SO 4. Accordingly, the Delrin seats were replaced with stainless steel seats, although the formaldehyde proved to have no effect on the results. In a large number of experiments, the pressure drop was achieved using a 0.5 l-ram-diameter stainless steel orifice in place of the straight-through valves to achieve better stability of the flow reactor pressure. There is some coagulation of particles during the passage of the aerosol through the flow reactor. Electrostatic scattering [Fuchs, 1964] can also be significant. For an aerosol with a net charge, mutual repulsion of the particles results in enhanced deposition on the walls. Both coagulation and scattering will result in the actual number density in the flow reactor being larger than that measured by the CNC at the outlet. For each run, estimates of the effect of both processes on the aerosol surface area were made and suitable corrections were applied. These corrections were each typically less than 1%.
The relative humidity in the flow reactor is different from that in the DMA because of both the change in temperature and the addition of the flow carrying the N20 5. As a result, the amount of water in the particles and therefore the sizes of the particles will change. To account for this, we used the equations of Gmitro and Vermeulen [1964] with measured temperatures and H20 partial pressure to compute the change in particle composition. This was combined with the density data tabulated by Perry and Chilton [1978] to compute the change in particle size. As described earlier, to achieve low water vapor concentrations it was necessary to direct some of the humid air directly into the aerosol coagulation chamber. Under these conditions the aerosol source and DMA sheath airflows had different relative humidities, and there was some ambiguity in computing the particle composition exiting the DMA. However, this introduces little uncertainty in the surface area, , since the particle size is not a strong function of relative humidity under the dry conditions for which this procedure was necessary.
To verify the calculated dependence of particle size on relative humidity, we used the tandem DMA method of Rader and McMurry [ 1986] . The experiment was carried out at room temperature. A monodisperse H2SO 4 aerosol at a relative humidity of 0.5% was produced using the procedure described earlier. A portion of the filtered sheath air from the source DMA was humidified and mixed with the rest of the sheath airflow and the monodisperse aerosol flow to produce a humidified aerosol flow. Part of this flow was used as the aerosol input to a second DMA that was used to determine the sizes of the humidified particles. The remaining flow was filtered and used for the sheath airflow; this ensured that there was no change in particle composition in the second DMA. A comparison of the measured and calculated diameter ratios is shown in Figure 3 . The final diameter was systematically about 1% smaller than expected; this was observed even if the air was not humidified at all and is consistent with normally observed
The overall performance of the aerosol system was tested by means of a tandem DMA experiment with the second DMA placed downstream of the flow reactor. A CNC was used as described earlier to measure the particle number density exiting the flow reactor. The rest of the reactor outflow (1120 sccm A number of tests were carried out to confirm the proper operation of the converter. As long as sufficient NO was added, (i.e., at least three times the N20 5 concentration) and the converter temperature was above approximately 130øC, the amount of NO consumed by N20 5 was independent of the amount of added NO and the converter temperature. Adding nitric acid, the product of the aerosol reaction, at concentrations up to 100 ppbv to the converter changed the NO concentration by less than 5%. If N205 was not present, the temperature of the converter had no effect on the added NO concentration.
As described earlier, a dew point hygrometer was used to determine the water vapor concentration added to the aerosol source. Because of the limited sensitivity of this instrument and the presence of some water vapor in the zero air, this did not provide an accurate determination of the flow reactor H20 concentration when it was below about 200 ppmv. Since the H20 concentration determined the aerosol composition, accurate measurements were made using TDLAS.
The tunable diode laser system has been described in detail by Fried et al. [1991] , and only a brief description is given here. The diode laser employed in these measurements was 
dt where Np is the number density of aerosol particles. Loss of N20 5 at the walls gives rise to an additional term, as will be discussed later. The gas-phase loss of N20 5 with H20 is over 5 orders of magnitude slower than the heterogeneous loss and thus is omitted from consideration here.
In the limit where the surface of the particles is in equilibrium with the gas phase (i.e., the rate of mass transport from the gas phase to the liquid phase is much faster than the rate of the liquid-phase reaction), we have k^--k L, where kL = 4zc a3H (N205 ) kRI. q coth q-l) q2 ' proportional to a 2.
In the limit where the rate of liquid-phase reaction is so fast that the overall rate is controlled by the rate of mass transport from the gas phase to the liquid phase, we have kA=k G, where a•ra 2 <v> kG = 3oc (l+0.37Kn) 
k A k G koe [Schwartz, 1986] . This may be obtained by equating the reactive flux in the liquid phase to the flux for mass transfer to the drop.
It is common to combine liquid-phase reaction and diffusion into a reaction probability y. In this case we replace {x in ( This latter condition will be met when q>>l. Since q is proportional to drop radius, this condition will be met only for drops greater than some minimum size; it will always be met on bulk surfaces. In the absence of a detailed knowledge of the parameters that determine k L, the size below which y depends on particle size cannot be calculated with certainty. One objective of the present study is to determine whether y is constant over the range of particle sizes that we can work with.
Reaction Probability Measurements
For each temperature and relative humidity, N20 5 decays were measured for several particle sizes and number densities.
For each decay the N20 5 concentration was measured for a series of injector positions. The flow will be disturbed for some distance downstream of the injector. The distance required for fully laminar flow to develop was calculated from the formula for the inlet length [Langhaar, 1942] L! = 0.0732Q v P--,
where Q v is the volumetric flow rate, p is density, and rl is viscosity. No data points were taken within this inlet length. The injector positions were initially converted to reaction times using the plug flow approximation. Each decay was fit to an exponential using an unweighted nonlinear regression to obtain an "observed" first-order decay rate. Representative decays are shown in Figure 5 for three different aerosol surface areas. Each determination of y included decays for which no particles were present as well as decays with a variety of particle sizes and number densities. The observed decay rates depend on both the reaction with the aerosol and the reaction on the flow reactor walls; in high-pressure flows the observed decay rate is not simply a linear sum of the two contributions [Brown, 1978] 
where ¾w is the reaction probability on the wall.
For the decays at each temperature and relative humidity, an unweighted nonlinear regression was used to determine y and Yw-For each successive estimate of these parameters, the numerical method of Brown [1978] was used to obtain the eigenvalues of (15) 
in (15). The use of (17) is valid as long as the axial diffusion correction is not too large; it did not exceed 10% in these experiments. This correction was recomputed at each stage of the iterative eigenvalue calculation. Values y and Yw were varied to find the eigenvalues that provided the best fit of the observed decay rates. In addition to the particle surface area, the decay rates depend weakly on the pressure (through DG), the particle size (through Kn in equations (11) and (13)), and the flow velocity (equation (17)). A typical plot of observed and calculated decay rates as function of aerosol surface area is shown in Figure 6 . Calculations were carried out for two different particle diameters (0.060-and 0.250-}.tm) to show the small dependence of decay rate with particle size. For high-pressure flows the actual reaction times are less than those computed from a plug flow approximation, since both the flow velocity and the reactant concentration are higher at the center of the flow tube than at the walls. This is accounted for in solving the continuity equation; the correction factor can be as large as 1.6 [Brown, 1978] . In this work we found typical correction factors of 1.05 to 1.15, although some were as high as 1.4. In previous work, Mozurkewich and Calvert [1988] had assumed a correction factor of 1.3 + 0.3. Since their conditions were similar to those of the present work, the reaction probabilities reported there should probably be lowered by about 15%. Equation (13) The results of these measurements are summarized in Table 2 and Figures 7-10. Mean T values were determined at each ?Points excluded from the averages given in Table 3 . The error estimates given are 95% confidence intervals; these reflect the random error. The total uncertainty is obtained by algebraic addition of a 13% systematic error to each error estimate. shows that ¾ is composition independent. At compositions around 73.1%, low values of ¾ were sometimes obtained. It is possible but not likely that these low values of ¾ are due to scatter in the data, or they may result from a real effect at this composition. However, at the time these measurements were made, we were having difficulty with our air supply such that the zero air contained large quantities of water and carbon dioxide; these were due to oxidation of hydrocarbons in the compressed air supplied to the clean-air generator. It is possible that at that time the zero air also contained organics which may have altered the aerosol reactivity. Excluding the 0. 2   0.15 .............................................................................................................   a_ 0.1 .................................................. • the data into three groups, as shown in Table 3 . For all but the three highest composition points at 234 K, the stable phase is one of the solid hydrates: H2SO4o2H2 O, H2SO4o3H2 O, or H2SO4o4H20. In these cases there is again the possibility that some or all the particles may be frozen. The temperature dependence of 7 for various composition surfaces is shown in Figure 11 . As can be seen, our data show that 7 decreases as temperature increases above 247 K. However, below 247 K, the temperature dependence appears to level off and, at lower H2SO 4 compositions, to reverse (Figure 1 lc) . The result is that 7 appears to depend on composition at the lower temperatures. With the exception of this work, the error bars represent the total uncertainty of the respective study. In this study these error bars give the measurement imprecision at the 95% confidence interval (see Table 3 ). Our total uncertainty is obtained by algebraic addition of a 13% systematic estimate to these estimates. The curves are calculated from the semiempirical theory given in the text for compositions of 70 and 75% I-L2SO 4 (solid curve), 60% I-I2SO 4 (dashed curve), and 50% H2SO 4 (dotted curve). The usual analysis of gas-liquid reaction rates is based on equations (8) through (12). We find that the measured reaction probabilities do not depend on particle size; this implies that q (equation (9)) is very large. In this limit, substituting (8) and (10) In this model we assume that the rate of desorption, k D in (21) is independent of composition and has a temperature dependence given by KD=ADexpI-Eact I .
This is in contrast to

RT
We also assume that the solvation rate k S is proportional to the rate at which "holes" are formed at the surface of the liquid. This amounts to assuming that the molecule becomes solvated when a sufficiently large hole forms below it, thus allowing the N20 5 molecule to enter the liquid phase. At equilibrium, the rate at which holes form at the surface must be equal to the rate at which they diffuse to the surface from the interior of the liquid [Frenkel, 1955] . Thus it is reasonable to assume that k S is proportional to both the number density of holes N H and the diffusion coefficient of the holes D H.
Assuming that the macroscopic surface tension c• of the liquid may be used to calculate the energy required to form a hole of radius r, we have [Frenkel, 1955] Results are based on our semiempirical theory. Temperature, pressure, and water vapor mixing ratio profiles were calculated using the model described by Granier and Brasseur [1992] . The aerosol composition was calculated from work by Grnitro and Vermeulen [1964] . Blanks indicate that ¾ could not be calculated at the indicated composition from the available data. . However, the present study reveals dependencies on both temperature and composition. At temperatures above 247 K, 7 increases as the temperature decreases, and there is no dependence of • on composition within the range that we investigated. As the temperature decreases below 247 K, '1' levels out for particle compositions near 70% H2SO 4 by weight and begins to decrease for compositions near 60% H2SO 4 by weight. As a result, there appears to be a composition dependence at 230 K.
We observed that 'g does not depend on particle size; this is consistent with the fact that our measurements on small particles give about the same •, as measurements on bulk surfaces. Formaldehyde concentrations as high as 19 ppmv also did not affect •,. Considering the limited solubility of N20 5, the relatively large values of 'g imply that the liquidphase reaction is very fast; this in turn implies that N20 5 does not penetrate more than a few tenths of a nanometer into the liquid phase. Thus we conclude that the processes of solvation and liquid-phase reaction are not independent. We found that a simple physical model based on the hole theory of the liquids can reproduce the general trends in composition and temperature that we have observed for all but the highest acid concentrations at 260 K. Here, we cannot rule out the possibility that some of the aerosol particles may be frozen. This semiempirical theory can be used to extend our 'g determinations to cover lower stratospheric temperatures than those studied here. As shown in Table 4 , stratospheric temperatures can attain values as low as 189 K, and our theory indicates that •, should decrease from its value at higher temperatures. In Table 4 we present •, values as a function of altitude at three different latitudes spanning two seasons. These are extrapolations based on our semiempirical theory. Temperature, pressure, and water vapor mixing ratio profiles were calculated using the model described by Granier and Brasseur [1992] . The aerosol composition was calculated from work by Gmitro and Vermeulen [1964] using these values. As shown, •, is expected to drop from 0.15 to 0.03 as the temperature drops from 207 K to 189 K in the south polar winter stratosphere. The expected drop in •, for the north polar stratosphere is not as dramatic. We must again emphasize the extrapolated nature of these results based on a theory that awaits confirmation by additional studies. Such studies are also needed to determine the aerosol phase and the resulting reaction probability.
